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To account for the avian visual system, we used the protocol of Loyau et al. (2007) to 2 3 9 compute two types of chromatic (ΔS) (colour) and achromatic (ΔQ) (brightness and forms) by Osorio et al. (1999) . We used the photoreceptor spectral sensitivities and relative densities 2 4 2 data available for the domestic chicken as it is the closest species to Japanese quail in terms of and texture detection (Bowmaker and Knowles, 1977; Vorobyev and Osorio, 1998) . Eggshell pigment content was quantified in eggs 1 and 14, the same eggshells as used for the 2 5 1 spectrophotometric measurements. Pigments were identified, and their concentrations 2 5 2 calculated using high-performance liquid chromatography (HPLC) (Miksik et al., 1996) .
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Briefly, each eggshell was weighed, and washed with distilled water and then solubilised (and 2 5 4 esterified) in the dark for 2 days at room temperature in 15 ml of methanol containing 8.5% 7.5 ml of chloroform and 5 ml of distilled water were added and then the solution was shaken.
5 7
The lower chloroform phase was washed with 5 ml of 10% sodium chloride solution, followed by distilled water until the washing water had neutral pH (typically after two 2 5 9 washes). The extract was evaporated to dryness and reconstituted in 1 ml of chloroform. Standards for the quantification of protoporphyrin IX and biliverdin (Sigma, St. Louis, MO, 2 6 1 USA) were treated using the same procedure. Porphyrins were analysed by reversed phase 2 6 2 HPLC using Agilent 1100 LC system (Agilent, Palo Alto, CA, USA) consisting of a degasser, 2 6 3 binary pump, autosampler, thermostatted column compartment and multi-wavelength and 2 6 4 fluorescence detectors. Chromatographic separation was carried out on a Gemini 5u C18 injected into the column and eluted with a gradient consisting of (a) methanol water-pyridine minutes. For the next 10 minutes, the elution was isocratic (the composition of the mobile 2 7 0 phase is unchanged during the entire elution process) followed by another 10 minutes 2 7 1 isocratic elution at 100% b. Protoporphyrin was detected by fluorescence at 405 nm 2 7 2 excitation/620 nm emission, whereas biliverdin was detected by absorbance as it has no 2 7 3 fluorescence response. Both detectors were connected in tandem. We used LC-MS (i.e. liquid 2 7 4 chromatography was directly coupled to mass spectrometry). Pearson's correlations were performed on the four colour variables, between eggs 1 2 8 8 and 2, and then between eggs 13 and 14 for each female to test whether eggshell reflectance 2 8 9 was similar between eggs from the same female. As eggshell reflectance was significantly 2 9 0 correlated between eggs 1 and 2, and between eggs 13 and 14 (0.42<Rs< 0.97, all Ps<0.001), 2 9 1 mean reflectance values for each female at the beginning (mean of the two first eggs) and at 2 9 2 the end (mean of the two last eggs) of the manipulation were calculated for the four colour All spectra were interpolated to obtain a reflectance value every 1 nm from 300 nm to 700 nm for the first two and the last two eggs per female. We first investigated egg discriminability by calculating the chromatic and achromatic contrasts within and between females. We computed for all pairwise comparisons contrasts or just-noticeable differences (JNDs) within To assess whether food restriction had a perceptible effect on eggshell spot and 3 0 4 background chromatic and achromatic variations, we then calculated contrasts between 3 0 5 beginning/end eggs for each female. We also calculated a mean spot/background contrast for 3 0 6 each female (Holveck et al., 2011) at the beginning and at the end of the manipulation to 3 0 7 assess the effect of the treatment on this perceived contrast. with 1 as the discrimination threshold, below which chromatic or achromatic differences are females were detectable to a domestic chicken's visual system by comparing the within-and
between-female contrast values to the threshold 1 using one-sample t-tests (all JNDs were 3 1 5 normally distributed). Paired t-tests were performed to test whether the within and between 3 1 6 contrasts were significantly different for each type of contrast computed. As we observed a significant difference in background red chroma between the three sample t-tests were performed to test whether differences in colour variables differed from 0,
and whether the contrasts differed from the discrimination threshold 1. All residuals were 3 3 1 normally distributed. feeding trial was correlated with egg traits (i.e. mean mass, volume, and yolk proportion), Female body condition was not significantly different between groups at the start of food There was no significant effect of food manipulation on any egg characteristics (egg We found no significant effect of food manipulation on eggshell colour variables (Table 1) .
None differed significantly from 0 (one sample t-tests, -1.32<ts<1.64, all Ps>0.05, N=24),
suggesting that there was no natural variation in eggshell colouration during the dietary Results from our avian vision model suggested that some of the variation measured with 3 6 1 reflectance spectrophotometry would be detectable by the avian visual system. For each 3 6 2 female, the mean visual contrast for eggshell background was greater when comparing eggs background: t 22 =-2.99, P=0.007; Fig. 3 ). However, we did not find any significant difference background contrasts would be more detectable by an avian vision model than spots. Our results reveal that an experimental manipulation of female body condition through food eggs. They suggested that this provided experimental evidence that blue-green eggshell colour and biliverdin content were an expression of female nutritional condition in birds. More Araucana chickens and found that the differences in eggshell colouration between birds were 3 9 9 due to female identity rather than to the food manipulation, and that variation in eggshell eggshell colouration in a species laying heavily maculated eggs (Fig. 1a) . survival (Galbraith, 1988; Farooq et al., 2003; Grindstaff, 2005) . High 'quality' females may One explanation for our findings is that females would optimize the quality of their eggs and Variation in the yolk compared with the albumen fraction is an index of egg quality that is used by the poultry industry to commercial ends. Thus, we predicted that food-restricted 4 3 1 females would lay eggs with a reduced fraction of yolk/albumen compared to control ones. While we successfully reduced female body condition through food restriction, we cannot We compared between-and within-clutch variation in spot and background reflectance 4 3 9 (i.e. brightness, UV chroma, blue-green chroma and red chroma) using repeatability estimates 4 4 0 (Lessells and Boag, 1987) , and found that between-female variance was markedly higher than 4 4 1 that of within-female, suggesting that eggshell reflectance could be highly heritable and when comparing eggs between females than within females, whereas we did not find any females. This suggests that eggshell background colour contrasts would be more detectable by an avian model than spot colour differences (see also Holveck et al., 2011) . Moreover, all the 4 5 7 chromatic discriminability values were small (<1 JND) compared to achromatic contrasts 4 5 8 (Dearborn et al., 2012) , suggesting that differences in luminance and texture would be more 4 5 9 easily detectable than colour (Kelber et al., 2003; Avilés, 2008) . Thus, our results suggest that eggshell spectra or the achromatic and chromatic contrasts that could be perceived by birds 4 7 5 themselves or by conspecifics.
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Our analysis of eggshell pigment concentration revealed that the eggshells of Japanese between their quantities in whole eggshells suggests that the processes of deposition of these into the eggshell. This result suggests that the decrease in female body condition could be 4 9 0 associated with a decrease in antioxidant capacity or an increase in oxidative stress and, thus, 4 9 1 that females with low antioxidant capacity in our study passively deposited more 4 9 2 protoporphyrin into their eggshells to remove this pro-oxidant. The fact that females in lower in our subjects were not the focus of our investigation; we cannot confirm this hypothesis but Our methodology for quantifying pigments did not allow determination of pigment 5 0 0 content in different egg regions (Fig. 1a) , but both pigments may be responsible for spot and show the same peak at 630 nm, and also two more peaks: one around 500 nm similar to 5 0 5 reflectance spectra of blue-green eggshells (Siefferman et al., 2006) , and one in the UV zone 5 0 6 at 320 nm. This suggests that protoporphyrin would be mainly responsible for spot colour but for shell colour would act in that species. Moreover, eggshells would be superficially gland and rotation of the egg (Tanaka et al., 1977 ). Yet, we found that eggshells containing that protoporphyrin, being a red-brown pigment, darker than biliverdin, might be responsible
for the lightness of eggshell background rather than influencing the colour itself as suggested
by the lack of relationship between protoporphyrin content and background red chroma. We 5 1 7 also found that eggshells containing more biliverdin displayed bluer spots. These results in the synthesis of haem is now gaining credence (e.g. Milgrom, 1997; De Coster et al., 2012) . 1965; Wang et al., 2009 , Honza et al., 2012 . Pigments are deposited a few hours before base colour as initial steps in investigation of their synthesis in relation to their deposition. To the best of our knowledge, this is the first study to modify female body condition to not invest care post-hatching could also be subject to selection. Where predation pressure is high and egg colouration is linked not only to female body condition but to crypsis, the 5 3 7 assumptions of the SSEC hypothesis might also apply. To date, no study has investigated the suggest that eggshell colouration could be used in making eggs cryptic in Japanese quails. to facilitate egg camouflage and decrease predation risk in species such as Japanese quail that The independent quantification of pigments in eggshell spots and background, as well
as image analysis of spot spread and size, both appear essential to understand more precisely to change during the egg-laying period. in setting up the experimental design and providing care to the birds. We also thank Doris Hanley for his advice on vision model analyses. Funding was provided by the Human Frontier Science Program (to PC), a Birmingham The 24 female Japanese quails were exposed to ad libitum, medium quantity or low quantity food manipulations. Bold text indicates statistical significance.
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT between eggs from the beginning (mean spectrum between egg numbers 1 and 2) and those from the end of the food manipulation (mean spectrum between egg numbers 13 and 14). The 24 female Japanese quails were exposed to ad libitum, to medium quantity or to low quantity food manipulations.
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